The effects of free ammonia (FA) or free nitrous acid (FNA) on partial nitrification (PN) has been well investigated. Nevertheless, little information was known about the combined effects of nitrogen loading rate (NLR) and substrate inhibition, as well as the impact on the community structure of nitrifiers. In this work, real reject water was treated in a pre-denitrification reactor. PN was achieved by gradually increasing NLR, and it was successfully maintained when average FA and FNA were within 0.8-3.2 mg NH 3 -N/L and 0.003-0.067 mg HNO 2 -N/L, respectively. When NLR was reduced, PN was slightly affected due to the FA declination. As FNA inhibition was also eliminated by adding alkalinity into the influent, PN was completely destroyed quickly. FISH results indicated the deterioration of the PN was mainly attributed to the recovery of NOB when inhibition effects were limited. It concluded the increase of NLR benefited the partial nitrification. However, the stability of the nitrite path way was more dependent on selective substrate inhibition effects, especially the FNA inhibition. These findings would be important for further treatment of actual reject water.
INTRODUCTION
Separate treatment of reject water that contains high strength ammonia could decrease the nitrogen load of the main stream, which would significantly improve the final effluent quality of wastewater treatment plant (Wett & Rauch ) . The partial nitrification process (PN), which stops the oxidation of ammonia at the stage of nitrite, is considered to be a feasible technology for reject water treatment. It requires 25% less oxygen demand and 40% less organic carbon compared with complete nitrificationdenitrification (Peng & Zhu ) .
Nitrite oxidizing-bacterial (NOB) is considered to be more sensitive to free ammonia (FA) inhibition than ammonia oxidizing bacterial (AOB). The inhibition on NOB was started at 0.1-1.0 mg FA/L, while AOB became inhibited at 10-150 mg FA/L (Anthonisen et al. ) . Therefore, PN of high ammonia wastewater could be accomplished under proper FA inhibitions. Chung et al. achieved stable nitrite accumulation by maintaining a high FA concentration in the reactor (23-25 mg/L). However, the built-up PN could be deteriorated by the fluctuation of nitrogen loading rate (NLR) or acclimations of NOB (Villaverde et al. ; Peng et al. ) . So the favourable values of FA and FNA were essential to successful PN of reject water (Zhang et al. ) . However, most literature reveals the impact of single substrate inhibition; little is known about the combined effects of FA and FNA inhibitions in a continuousflow activated sludge reactor. To optimize the operation of the partial nitrification of reject water, effects of variable NLR and substrate inhibitions, especially FNA inhibition, still require research.
A pilot scale Anoxic/Oxic (A/O) bioreactor was operated to treat reject water for six months in this study. Feasibility of obtaining partial nitrification of reject water under variable NLR and substrate inhibitions was investigated. The mechanisms responsible for the start-up and maintenance of the partial nitrification were also discussed.
MATERIALS AND METHODS

Experimental reactor
The schematic diagrams of the A/O bioreactor are shown in Figure 1 . The first section, stirred by a mixer, was set as the anoxic zone. The other zones were aerated by an air pump. Flow rates of influent and sludge circulation were both controlled by peristaltic pumps. During the whole operation, sludge recycle ratio was set as 0.5. Sludge retention time (SRT) was about 60 days.
Seed sludge and raw wastewater
Both raw wastewater and seed sludge were collected from Gaobeidian municipal wastewater treatment plant in Beijing, China. Seed sludge was collected from the pipes of returned sludge. It was washed by deionized water before cultivation. Raw reject water was collected from the dewatering of sludge from a mesophilic anaerobic digester. It was stored in a 400 L tank before being pumped into the bioreactor. The characteristics of the reject water were as follows:
Bioreactor operation
Experiments were conducted in five stages with different operational conditions. Average NLR increased gradually from stage I to stage III during the period from day 1 to 104. In stage IV and stage V, NLR was reduced to the initial level. External bicarbonate was added in stage V in order to supply alkalinity. Other operational parameters applied to each of the stages were summarized in Table 1 .
The main purpose of stage I-III was to study the effect of substrate inhibition and NLR on nitrite pathway build-up. Experiment of stage IV and stage V was aimed at studying the effect of NLR and FNA on the stability of the PN previously established.
Analytical methods
Sludge samples were collected to measure COD, NH 4 þ -N, NO 3 À -N, NO 2 À -N, MLSS, MLVSS and alkalinity according to Standard Methods (APHA ). The temperature, DO and pH were detected on line using WTW pH/oxi340i meter with DO and pH probes (WTW Company, Germany).
Concentrations of FA and FNA were calculated as a function of pH, temperature (T) and total ammonium as nitrogen (TAN), for FA; and total nitrite (TNO 2 ), for FNA:
(2)
FISH analysis
At the end of each stage, sludge samples were collected from the aerobic zone and analyzed for both AOB and NOB by fluorescence in situ hybridization (FISH). Sample fixation and hybridization steps were carried out according to the method previously described by Amann (). FISH probes used included EUBMix (EUB 338, EUB 338-II and EUB 338-III) specific for all bacteria, NSO 190 specific for all ammonia-oxidizing β-proteobacteria except for some Nitrosomonas strains, and NIT 3 specific for Nitrobacter sp. The images of samples were collected using the OLYM-PUS-BX52 fluorescence microscope (Japan). Image-pro plus 6.0 Software ® was used for quantification as detailed in Crocetti et al. () . For each image collected, the abundance of the AOB or NOB populations was determined as the ratio of the areas obtained by specific probes to those obtained by the EUBMIX probes; 20 images were analysed for each quantification and the mean percentage value was used as the abundance.
RESULTS AND DISCUSSION
Start-up, maintenance and deterioration of nitrite pathway Figure 2 shows the overall performance results obtained in the experimental period, including ammonium removal
DO concentration and NLR variations. A summary of the performance of the A/O reactor is present in Table 2 . In stage I, NLR was 0.25 kg NH 4 þ -N/(m 3 d).
Ammonium removal efficiency was 82.2% and complete nitrification was realized. In the initial days of stage II, a transient accumulation of nitrite was observed. However, it disappeared in the following days. In stage III, NLR was up to 0.6 kg·NH 4 þ -N/(m 3 d). Nitrite began to accumulate after a short 'lag time'. Effluent nitrite increased from none to 125 mg/L in five days. Meanwhile nitrate decreased continuously to below 2 mg/L. As a result, the nitrite accumulation rate increased to over 90% in the following days of stage III. In stage IV, NLR was reduced to 0.28 kg NH 4 þ -N/(m 3 d) which was close to the start-up level. At the beginning, PN was well maintained. After that, effluent nitrate increased slowly to over 55 mg/L in the periods of 112-160 d. Thus, the nitrite accumulation rate decreased gradually from 90 to 68%. In stage V, Influent alkalinity increased from 31.0 to 48.2 mmol/L by adding external bicarbonate. In the periods of 160-164 d, effluent nitrite decreased from 113.7 to 72.5 mg/L, and continuously to undetectable levels in the next three days. Meanwhile, nitrate concentration increased from 55.7 to 132.8 mg/L. Partial nitrification deteriorated completely in one week. Complete nitrification was accomplished under low NLR (stage I and II). Nitrite began to accumulate as the increase of NLR. The experimental results revealed that NLR rather than ammonium concentration was the effective factor leading to nitrite accumulation (Campos et al. ) . Besides, nitrite pathway was stable under high NLR, though the temperature and DO was unfavourable (stage III and IV). However, low NLR combined with sufficient alkalinity induced the deterioration of the nitrite pathway. 
Mechanism of start-up of nitrite accumulation
Many factors have been proved to contribute to the establishment of the nitrite pathway. Nitrite occasionally accumulates at low DO owing to NOB having a lower affinity of oxygen. In this work, the nitrite accumulation in stage II (DO ¼ 0.35 ± 0.08 mg/L) was temporary. In contrast, the nitrite pathway in stage III was well established (DO ¼ 3.6 ± 0.8 mg/L). The results confirmed that low DO was unnecessary in maintaining the partial nitrification of high strength ammonium (Peng et al. ) . Therefore, oxygen limitation can be eliminated from the candidate factors of the nitrite accumulation. In a typical complete nitrification system, NOB population had the same order of magnitude as AOB (Okabe & Watanabe ) . As presented in Figure 3 , initial AOB and NOB were 3.5 and 4.0%, respectively, showing that NOB was the predominant bacteria initially. Thus, we can exclude seed sludge as a factor for the nitrite accumulation.
The experimental results showed a dependence of the nitrite pathway on NLR. The FISH results showed that at the end of stage I (day 28) the populations of AOB and NOB were 5.4 and 5.5%, respectively, and further increased to 7.8 and 6.5% at the end of stage II (day 55). Under this level of NLR, NOB could grow without limitations and accounted for similar population of AOB. Therefore, no obvious nitrite accumulation was observed in this period. Microorganisms require a period to adapt to the change of environmental conditions. Thus, the ammonia removal efficiency was slightly reduced as NLR increased. A similar adaption period appeared in both stage II (28-32 d) and stage III (57-62 d). Nitrite accumulation after the lag time was attributed to the better adaption capability of AOB. Yusof et al. () reported that ammonia load increase induced transient nitrite accumulation due to the quicker growth of the AOB. Besides, the ammonia remained in the reactor due to the increase of NLR also benefited nitrite accumulation (Ma et al. ) .
Factors affecting the maintenance of nitrite accumulation
Selective inhibitory effects of FA and FNA on NOB were the key factors leading to the stable nitrite accumulation. Figure 4 shows the average and maximum concentrations of FA and FNA in aerobic zones at different stages. In this study, pH was not controlled and varied within 7.3-7.7 in all stages except stage V.
As shown in Figure 4 , NOB was barely inhibited by FA or FNA in stage I (Anthonisen et al. ) . In stage II, average FA concentration ranged within 0.8-3.2 mg/L, which was over the NOB inhibition threshold. Anthonisen reported that Nitrobacter was inhibited by FA at about 0.1-1.0 mg NH 3 /L, while Nitrosomonas was not inhibited until FA concentration was about 10-150 mg NH 3 /L (Anthonisen et al. ). However, FA decreased quickly along the flow path with the ammonium and pH decrease. It was below 0.1 mg/L in O4-O8 zones. As a result, NOB gradually acclimated to the conditions and grew normally. PN was affected in negative as result.
In stage III, FA concentration was still above the inhibition level in aerobic zones O1-O4. Moreover, FNA became significant due to high nitrite concentration and low pH value. It was within 0.04-0.22 mg HNO 2 -N/L at latter sections of the reactor (O5-O8). Nitrobacter was selectively inhibited by the FNA of approximately 0.011-0.10 mg HNO 2 -N/L (Vadivelu et al. ) . Therefore, NOB activity was inhibited by FA and FNA alternately along the bioreactor. Meanwhile, AOB grew normally because the FNA was not much enough to inhibit them. As shown in Figure 5 , nitrite was produced continuously in stage III even under substrate inhibitions. The results indicated that in order to maintain PN, not only the strength but also the duration of inhibition effect was necessary.
FISH analysis showed that AOB population grew to 10.1% in stage III while NOB decreased to 3.5%. The results indicated that the growth of Nitrobacter was stopped by substrate inhibition and gradually eliminated from the reactor.
Substrate variations effect on the stability of PN
In stage IV, average FA of the reactor decreased to below the inhibition threshold. As shown in Figure 5 , in aerobic zone O3-O5, nitrate was produced because NOB was only partially inhibited. In contrast, nitrate was hardly produced in the aerobic zones O5-O8 when FNA increased to 0.18-0.42 mg HNO 2 -N/L due to the alkalinity deficiency and over aeration. The results indicated that NOB could gradually recover under low FA inhibition. However, FNA could prevent PN from completely destruction when FA inhibition was unavailable. It should be noticed that the metabolism of AOB was also seriously affected by FNA inhibition. The oxidation of ammonia obviously declined when FNA was above 0.05 mg HNO 2 -N/L, and barely any nitrite was produced when FNA increased over 0.2 mg HNO 2 -N/L.
The sodium bicarbonate was added into the influent in stage V. Extra alkalinity resisted the pH decline. As a result, FNA inhibition decreased dramatically. The activity of NOB recovered instantly the FNA inhibition was eliminated. The results demonstrated the inhibitory effect of nitrite on the microbial cell activities was caused by FNA rather than nitrite itself, as similarly observed and discussed elsewhere (Campos et al. ) .
Nitrite pathway was stable in stage III, slightly affected in stage IV and finally broken down in stage V. The stability of the PN has an obvious dependence on the combined inhibitory effects of FA and FNA. The results showed keeping suppression on NOB through the reactor was crucial for the PN. In addition, FNA inhibition on NOB was more effective on the maintenance of the nitrite pathway. It is difficult to maintain nitrite accumulation over the long term only using FA inhibition.
Application of nitrite pathway in real plants
NLR and substrate inhibition are more feasible and effective in realizing PN than other controlling factors. Short SRT is usually required when low DO or high temperature is used to realize PN. It is inevitable some AOB would be washed out simultaneously because SRT is difficult to be controlled accurately. Moreover, short SRT seems unnecessary for the partial nitrification of reject water. Our study showed that PN was not sensitive to the high DO concentration and low temperature under proper substrate inhibition. However, NOB could recover from suppression due to NLR decrease or alkalinity increase, resulting in deterioration of the PN. The nitrogen load of reject water is fluctuant as sludge dewatering facilities are sometimes operated only during the daytime working hours. So the hydraulic retention time is supposed to be adjusted in real time to keep stable partial nitrification. 
